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ble in theory but would require a logarithmically
increasing dilution rate.

SUMMARY
An apparatus is described for precise measure-

ment of growth rate of an alga as a function of in-
tensity and intermittency of illumination. Dilution
of a culture is controlled by a photometric device to
just such a rate as will maintain constant density of
population and balance the growth rate. Mainte-
nance of constant volume by an automatic siphon
allows direct application of the differential form of
the growth equation in evaluating specific growth rate.
The relationships of the new apparatus to other
steady-state growth devices are discussed.

Grateful acknowledgment is made to the Carnegie
Institution of Washington for aid received by the
junior author as a Visiting Investigator in its Depart-
ment of Plant Biology.
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Studies on the mass culture of algae under sunlight
conditions have demonstrated that the most impor-
tant factor limiting the yield per unit area of exposed
surface lies in the characteristic of light saturation
(12). Cells at the front surface of a culture use the
very high light intensity of sunlight with low effi-
ciency; at the same time cells at the back surface of
a dense culture may receive no light at all. In theo-
retical studies of effects of intermittent light on photo-
synthesis it has been shown that light of high intensity
may be used with high efficiency if presented in short
flashes separated by long dark periods. One antici-
pates that some similar effect will hold for the total
growth process as well as for photosynthesis alone.
If, by turbulence of culture suspension, individual
algal cells are moved back and forth between the high
intensity of the front surface and the darkness of the
back surface, an improvement in over-all efficiency of
light utilization by the culture might be effected.

Reported herein is an investigation of the charac-
teristics of growth of a representative alga, Chlorella
pyrenoidosa, in intermittent light. In order to obtain
interpretable results, rate of growth has been studied
in thin layers of culture suspension of such low popu-
lation density that mutual shading effects of the cells
are minimized. Intermittent illumination of measura-
ble characteristics has been provided by a mechanical
optical system. As a secondary objective it has been
necessary to determine also the characteristics of the
light intensity curve for growth in continuous illumi-
nation.

MATERIALS AND METHODS
The growth rate at each light intensity or inter-

mittency regimen was determined by a separate ex-

1 Received June 29, 1953.

periment. Cells harvested from a continuous-culture
apparatus were centrifuged out and resuspended in a
1/4-strength EDTA Knops solution (13) to a popula-
tion density which gave a 50 % transmission in an
Evelyn colorimeter with 600 m,u glter. In the growth
chamber this suspension had a transmission of 81 %
as measured with a fully-illuminated photocell placed
behind the suspension. Constancy of the photometric
control was checked duringf and at the end of each
experiment by readings of transmission of the suspen-
sion in the Evelyn colorimeter; all such readings fell
within the range of 48-52 %. In each experiment the
specific growth rate, k, was evaluated in loge units per
day as described in the preceding paper. The tem-
perature used throughout was 25°C.

INTENSITY MEASUREMENT: Measurements of light
intensity at the position of the growth chamber were
made with a large surface Moll thermopile with a
compensated Aryton shunt and Rubicon Type T
galvanometer. It was calibrated without a shielding
window against an NBS standard lamp. For subse-
quent measurements the thermopile was used with a
thin glass shielding window. Estimate of the intensity
of visible radiation was obtained by use of a Jena
RG8 filter which transmits the near infrared and has
a sharp cut-off at 7000 A (fig 1). Readings with the
thermopile were taken alternately with the system
open, with the RG8 filter, and with the system closed
by a shutter. (For positions of the shutter and filter
in the optical system see figure 2 of the preceding
paper.) Total deflection with the system open, minus
deflection with the RGS filter was taken as the meas-
ure of visible radiation. The procedure is similar to
that used by Kok (8). A series of check readings
made with a calibrated Weston 603 Illumination meter
showed good linearity with the thermopile and RG8
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filter method at lower light intensities. In the in-
tensity data to be presented below, 41 erg/cm2-sec is
equivalent to 1.0 foot candle.

LIGHT INTENSITY CONTROL: The light source was
a 1000-watt, 120-volt projection lamp operated at 100
volts ± 0.5 volt from a Raytheon voltage stabilizer
and variable transformer. In the experiments with
intermittent light the voltage was increased to 105
volts in order to obtain a somewhat higher intensity.
This makes a small but not important change in the
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pile window, as determined with a Beckman spectro-
photometer, are presented in figure 1. The neutral
filters are reasonably flat in the 5000 to 7000 A region
which contains 86 % of the visible radiation used
(fig 2).

SPECTRAL CHARACTER OF THE ILLUMINATION: The
spectral distribution of the illumination used is pre-
sented in figure 2. Curve A is the relative energy
output of the lamp operated at 100 volts, color tem-
perature 2990°K, with corrections for tungsten emis-

WAVELENGTH
Fia. 1. Transmission curves of the filters used. A-H, the series of Wratten neutral filters. I, the thermopile

window. J, the RG8 filter. The unit of wave length is 10' A.

spectral quality of the light used in the two series of
experiments. The intensity for each experiment was
taken as the average of values obtained at the be-
ginning and end which, except in two very long
experiments, were within 2 % of the average.

For study of growth rate as a function of intensity
of continuous illumination the intensity was varied by
use of Wratten neutral filters or copper screens in
position F of the optical system. Lower intensities
required addition of a ground glass diffusion plate in
position S. Transmission versus wave length curves
of the neutral filters, the RG8 filter, and the thermo-

sivity (data kindly supplied by Dr. H. Haynes of
General Electric). Curve B is the relative energy
output of the lamp transmitted by 23.5 cm of water
as calculated from the data of Collins (3). Curve B
represents the spectral distribution of the illumination
seen by the algal suspension. Curve C is the fraction
of the total illumination (curve B) transmitted by the
RG8 filter.

The method of estimating intensity in the visible
region described above, effectively subtracts the area
under curve C (transmitted by the RG8) from the
area under curve B (total illumination). Actually
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FIG. 2. Spectral characteristics of the illumination.
A, the relative energy output of the 1000-watt lamp at

100 volts. B, the relative energy passed by 23.5 cm

water. C, the relative energy passed by 23.5 cm water

plus the RG8 filter. The unit of wave length is 10' A.

the area under curve C includes a small part of the

visible region and excludes about 7 % of the infrared.
The net effect is that the visible intensity as estimated
is about 105 % of the true value. This error is almost
exactly balanced by the window correction for the

thermopile which was calibrated without a window
but used with a window of 95 % transmission (fig 1).
A more serious intensity error lies in reflection losses

at the air-lucite-water and water-lucite-water inter-

faces of the growth chamber. The net transmission
of the front surface of the growth chamber into the

algal suspension was estimated at 85 % by differential
measurements on a lucite absorption cell using a Beck-
man spectrophotomet-er. In the intensity data to be

presented, none of the above corrections has been

applied since they are entirely constant throughout
the series of measurements.

INTERMITTENCY CHARACTERISTICS: Intermittency
of illumination was obtained by rotating sectors. A

series of aluminum disks 1/16" thick and 40" circum-

ference were cut to give sector openings of 1/4", 1",

or 4" as measured at the periphery. A disk in use

was mounted on the shaft of a gear ratio box coupled
directly to a 1/5 HP synchronous motor. A complete
description of important characteristics of the sector

disks used is presented in table I.
The position of a sector disk in the optical system

(fig 1, S, of the preceding paper) is such that it cuts
the uniform emerging beam from the condensing lens,
and its image is sharply focused upon the center plane
of the growth chamber. As a sector opening crosses

the light beam its transmitted bar of light sweeps
across the growth chamber.

For simplicity of interpretation of the end results
it is desirable that the light flashes seen by each algal
cell are sharply defined so that a plot of intensity
against time takes a square-wave form. Some small

and unmeasurable error is introduced since the algal
cells are themselves moving erratically in the stirred

suspension. For any one sector and rpm the lengths
of a light flash as seen by different cells probably falls

on a distribution curve with mean value at the calcu-
lated length (table I). A second type of error, due
to lens aberrations and the scattering by the suspen-
sion itself, causes a smearing of the square-wave form.
The time characteristics of a light flash have been
estimated by a simple method. With the disk at rest
and an edge of a sector opening in a vertical position,
a photocell with a vertical 0.25 mm diaphragm was
moved horizontally across the edge of the ligfht field in
the plane normally occupied by the growth chamber.
Galvanometer deflections were recorded as a function
of horizontal position of the diaphragm and the data
are presented as curve A of figure 3. The procedure
was repeated with a typical algal suspension in an
absorption cell 0.5 cm thick (curve B) and again in
a cell 1.0 cm thick (curve C) placed just in front of
the diaphragm. The intensity distribution in light
flashes produced by 1/4" and 1/2" sectors may be
visualized from the completed curves of figure 3.
Curves A, B, and C represent the light flash contours
occurring at the front surface, the center, and the
back surface of the algal suspension.

While figure 3 presents an adequate description of
the light flashes, it does not completely characterize
the dark periods. Of critical importance is the in-
tegrity of the darkness maintained during the dark
periods, particularly when these are very long, for
reasons which will be considered in the subsequent
discussion. The characteristics of a typical long dark
period were examined by the following procedure.
The growth chamber was replaced by a photocell re-
ceiver faced with a diaphragm of 3 mm diameter and
a ground glass plate. A sector with four 1" openings
(Experiment 73, table III) was rotated manually and
galvanometer deflections were recorded as a function
of peripheral movement. The larger diaphragm open-
ing gives poorer resolution of the edge of the flash
but allows more accurate estimation of light leakage

TABLE I
SECTOR CHARACTERISTICS

SEC- OPEN- DISK tttEXPT. TOR tNSSPE td +t FRm.
SIZE INGS SPEED tft td

no. in. rpm sec sec sec-'
82 4 1 90 0.0667 0.600 0.100 1.5
81 4 2 90 0.0667 0.266 0.200 3
80 4 4 90 0.0667 0.100 0.400 6
75 1 2 90 0.0167 0.316 0.050 3
73 1 4 90 0.0167 0.150 0.100 6
74 1 8 90 0.0167 0.067 0.200 12
77 1 12 90 0.0167 0.039 0.300 18
66 1 1 360 0.00417 0.163 0.025 6
67 1 2 360 0.00417 0.079 0.050 12
65 1 4 360 0.00417 0.037 0.100 24
68 1 8 360 0.00417 0.017 0.200 48
78 1 12 360 0.00417 0.010 0.300 72

70, 72 1/4 4 360 0.00104 0.041 0.025 24
69 1/4 8 360 0.00104 0.020 0.050 48
71 1/4 16 360 0.00104 0.009 0.100 96
79 1/4 24 360 0.00104 0.006 0.150 144
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during the dark period. The data are presented in
figure 4.

CHLOROPHYLL CONCENTRATION OF THE CELLS: At
the termination of each growth experiment two sup-
plementary determinations were made on the final
culture suspension. Relative chlorophyll concentra-
tion was determined by a Beckman spectrophotometer
on a 10 ml solution obtained by extracting the cells
from a 5.0 ml aliquot of suspension in boiling metha-
nol. Cell volume was determined by centrifuging ali-
quots of suspension to constant packed volume in
calibrated capillary tubes.
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with increasing intensity. An approximate value of
intensity for light saturation may be estimated at
2.5x 104 erg/cm2-sec where the growth rate attains
about 90 % of its observed maximum. This value,
corresponding to about 600 fc, is considerably higher
than the 100 fc which can be obtained from a similar
curve of Myers (11). The present value of 600 fc
was obtained under unilateral illumination; the earlier
value of 100 fc was obtained in an annular chamber
illuminated by four tubular lamps and the reflections
from a surrounding housing. The discrepancy illus-
trates an error easily made in the design and interpre-

FIG. 3. Time characteristics of the light flash as seen by algal cells at the front surface (A), the center (B),
and the back surface (C), of the growth chamber. See text.

RESULTS AND DISCUSSION
CONTINUOUS ILLUMINATION: Experiments meas-

uring the specific growth rate as a function of in-
tensity of continuous illumination are summarized in
table II. The data are plotted in figure 5 as solid
points connected by a solid line to form the expected
saturation curve. There is a small anomaly in the
points at very low light intensity which appear to
cause a break in the curve. However, since small
values of the growth rate are established with lowered
precision, no significance is attached to the apparent
anomaly. The extrapolated value of the compensa-
tion point for growth can be estimated only as a value
less than 1000 erg/cm2-sec or 24 fc.

At high light intensities, growth rate is not com-
pletely light-saturated but continues to increase slowly

tation of experiments concerned with evaluation of
light intensity effects. Measurements of critical values
of intensity made under multi-directional illumination
do not provide data which submit to general interpre-
tation. Error of interpretation arising from these
considerations was made by Myers (11) and has been
made by others in interpretation of the results of
Hoover, Johnston, and Brackett (7) on wheat leaves
obtained under similar conditions of multi-directional
illumination.

INTERMITTENT ILLUMINATION: The series of ex-
periments on growth rate as a function of intermit-
tency are summarized by table III. Characteristics of
intermitteney in each experiment are defined by the
flash time, tf, the dark time, td, and the fractional
time in the light, tf/(tf + td), the initial light intensity,
ho and the integrated light intensity, Ia, on the growth
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SECTOR POSITION

FIG. 4. Time characteristics of the dark period as
determined using a disk with four 1" sector openings
(experiment 73). Relative light intensity (galvanometer
readings) versus position of the disk measured at the
periphery. * * original data, left scale; 0 - - - 0
original data x 40, right scale.

chamber. It was desired that IL (measured with the
sector removed) be kept constant throughout all ex-
periments but in practice this value varied ± 7 %
from a mean of 228 x 103 erg/Cm2-see, owing to lamp
decay and variation between lamps. The integrated
intensity, Ia, was calculated as Io x tf/(tf + td) and
measured directly by the thermopile with the sector in
operation. Values of %a obtained by the two methods
are not in very good agreement. The disk of experi-
ment 79, which showed the most severe discrepancy,
was carefully checked with a cathetometer. Indi-
vidual openings showed variations of ± 12 % in width
and area and a total open area of 0.749 of the nomi-
nal open area (tf/(tf + td) of table I). The Ia (meas-
ured) of table III is 0.751 of the Ia (calculated).
Only the measured values of Ia are used in the subse-
quent treatment.

Effects of intermittent light on photosynthesis and
growth can be treated as a problem in light integra-
tion. If photochemical intermediates produced in a
short flash of high intensity can be processed further
by enzymatic reactions during the following dark
period, then the cell is accomplishing a time integra-

TABLE II
GROWTH RATE AS A FUNCTION OF INTENSITY OF

CONTINUOUS ILLUMINATION

EXPERIMENT INTENSITY k

no. erg/cm -sec x JQ3 loge units/day
60 1.54 0.20
56 2.12 0.37
61 4.10 0.58
58 4.55 0.68
57 7.63 1.07
55 11.2 1.48
59 16.0 1.77
62 20.3 1.88
54 26.4 1.92
76 49.7 2.00
64 65.3 2.01
63 196.0 2.10

tion of the light energy received. Following this line
of argument, as proposed by Kok (8), growth rates in
intermittent light have been plotted in figure 5 against
integrated intensity (Ia, measured, table III). The
resulting curves A, B, C, D have parameters of flash
time tf. A base line, (X), may be drawn for the
limiting case in which reactions leading to growth
occur at maximum rate during the light flashes but
not at all during the intervening dark periods, ie, for
zero integration. Calculation of values on curve X
are made simply as 2.1 x tf/(tf + td) where 2.1 is taken
as the maximum growth rate in continuous light.

Comparison of the curves of figure 5 gives a meas-
ure of the degree to which the alga integrates intensity
when light of high intensity (- 230 x 10j erg/cm2-sec)
is presented in flashes of various lengths. If integra-
tion is perfect, a curve for intermittent light will
superimpose the curve for continuous light. It will be
seen that this condition is closely approached when
flashes of 0.001 second are used. As the flash time is

FIG. 5. Growth rate versus light intensity. Solid
line: in continuous illumination (table II). Broken
lines: in intermittent light (table III) for the flash time
noted on each curve and with the integrated intensity
determined by the length of the dark period. The unit
of light intensity is the kiloerg/cm2-sec.

increased (curves C, B, A) the degree of integration
becomes lover and the curves approach the base line,
X, of zero integration. An unexpected character of
curves B, C, and D is their approach toward higher
growth rates than those observed at equal integrated
intensities of continuous light.

A second and more conventional treatment of
flashing light data is based on yield per flash as a
function of dark time, following the argument of
Emerson and Arnold (5). In measurements of photo-
synthesis yield per flash may be expressed in ,ul 024//1
cells per flash. The specific growth rate k (as will be
demonstrated below) has dimensions equivalent to P,l
02/1'l cells per unit time. Growth yield per flash may
be expressed in terms of k/flash, as in the ninth col-
umn of table III. The data are plotted in figure 6 to
give a family of curves of flash yield against dark time
for the four values of tf used. As td approaches zero,
the yield per flash approaches the value of k/tf ob-
served in continuous illumination at high light inten-
sity. This limit yield per flash at zero td was negli-
gible for the very short flashes (10-5 sec) used by
Emerson and Arnold. In the present experiments,

156



PHILLIPS AND MYERS--GROWTH RATE OF CHLORELLA

TABLE III
GROWTH IN INTERMITTENT ILLUMINATION

EXPT. tf td I. Ia (CALC.) * Ia (MEAS.) k GAIN-k ** k t GAIN-k

no. sec x i0-' sec x io-' erg/cm'-sec erg/cm'-sec erg/cm'-sec day-' day-' flash-' x 10-' flash-'xlX -

82 66.7 600 218.0 21.8 21.5 0.54 0.33 41.7 25.5
81 66.7 266 226.5 45.3 46.5 1.20 0.78 46.3 30.1
80 66.7 100 241.2 96.5 97.3 2.01 1.17 38.8 22.6
75 16.7 316 211.1 10.6 9.88 0.50 0.40 19.3 15.4
73 16.7 150 221.1 22.1 21.2 1.18 0.97 22.8 18.7
74 16.7 67 222.5 44.5 42.1 1.83 1.41 17.7 13.6
77 16.7 39 212.2 63.7 57.4 2.11 1.48 13.6 9.52
66 4.2 163 237.6 5.94 5.75 0.42 0.37 8.10 7.14
67 4.2 79 239.5 12.0 10.4 0.83 0.72 8.01 6.94
65 4.2 37 228.9 22.9 21.7 1.53 1.32 7.38 6.37
68 4.2 17 239.6 47.9 44.5 2.18 1.76 5.26 4.24
78 4.2 10 225.6 67.7 60.4 2.15 1.52 3.46 2.44
70 1.0 41 222.3 5.56 4.83 0.63 0.58 3.04 2.80
72 1.0 41 231.8 5.80 4.97 0.71 0.66 3.42 3.18
69 1.0 20 223.5 11.2 9.54 1.29 1.18 3.11 2.85
71 1.0 9 230.8 23.1 19.4 1.84 1.63 2.22 1.97
79 1.0 6 241.2 36.2 27.2 1.96 1.64 1.58 1.32

tf

tf + td
tf**k _ t X 2.10.

tf + td

t k
flashes/sec x 8.64 x 10' sec/day

however, the limit yield at zero td is not negligible for
the longer light flashes. The curves of figure 6 de-
scribe not only the effects of intermittency but also
the effects of continuous illumination operating during
the significantly long periods of the light flashes. The
latter effects may be eliminated by subtracting the
value of k on curve X of figure 5 from the observed
value of k in flashing light of the same integrated in-
tensity. This procedure has been applied to give the
data, labelled "gain-k" in the eighth column and
"gain-k/flash" in the tenth column of table III, which
characterize only the intermittency effects. Actually
the procedure makes some degree of overcorrection;
it is based on the assumption that the photochemical
apparatus is maintained at a constant degree of light
saturation throughout the length of the light flash and
independent of the length of the preceding dark
period.

Yield per flash in terms of gain-k is plotted in fig-
ure 7 as a function of td. With increasing dark times
the flash yields approach maximum values. (No
explanation is apparent for the somewhat decreased
flash yields observed for the longer flash times and
very long dark periods and no particular significance
is attached to this aspect of the data.) The maximum
flash yield (and also the dark time required to obtain
half-maximum flash yield) show a saturation curve
when plotted against tf, as in the insert of figure 7.

Comparison of the present data on specific growth
rate with those of photosynthesis studies requires con-
version of k to the units measured by manometry.

When k = 1.0 loge unit per day, 1.0 ,ul cells will pro-
duce 1.0 ptl of new cells per day. 1.0 ul of cells, deter-
mined as the minimum packed volume on centrifuga-
tion, is equivalent to 0.24 mg dry weight and 120 ,ugm
or 10 ,umols of carbon. The equivalents are based
upon previously published values from this laboratory
and show only minor variation with light intensity.
Ten /Amols of carbon require an uptake of 224 Pi
carbon dioxide. Conversion to oxygen evolved is at-
tended by some uncertainty as to the proper choice of
assimilatory quotient. At low light intensities and
with nitrate as the nitrogen source, the quotient

td SECONDS

FIG. 6. Flash yield in terms of k/flash as a function
of dark period for each flash time.
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FIG. 7. Flash yield in terms of gain-k/flash as a func-
tion of dark period for each flash time. For definition
of "gain-k" see text.

C02/02 has been shown to be 0.7 (4). Unless there
are severe changes in nitrogen content the quotient
during steady-state growth at high light intensities
will be 0.7 also; at any rate it will not be higher than
0.9 as measured in short-time manometric experi-
ments. For present purposes 224 ,ul carbon dioxide
are taken as equivalent to 320 ul 02 (A.Q. =0.7) as
the more likely value although it is recognized that
the equivalence might be as low as 250 jul 02 (A.Q.
= 0.9). In short, values of k may be converted to
,uI 02/A1 eells upon multiplying by 320.

Comment should be made at this point that chloro-
phyll content does not enter in any way into the
determination of any one value of k. Each value of

k was determined during steady-state growth under
conditions of constant chlorophyll content. It is true
that the photometric method used is sensitive to
chlorophyll absorption as well as to light scattering.
However, even if the photometric device responded
only to chlorophyll so that the method directly meas-
ured k in terms of A chlorophyll/chlorophyll per tunit
time, then within any one determination on a given
steady-state the same value of k would describe also
A cell number/cell number and A cell weight/cell
weight per unit time. A quite different consequence
of chlorophyll content is discussed in a later section.

The present data are compared in table IV with
those obtained in other investigations. The important
value of maximum flash yield shows a 27-fold varia-
tion and the minimum dark time required for maxi-
mum yield shows a 13-fold variation. Most of the
variation is introduced by the longer flash times used
by Tamiya (15) and in the presenit study and ob-
tained by the use of rotating sectors. There are three
possible interpretations. (1) Use of sectors and higher
values of tf and td is attended by some systematic
error. (2) True flash saturation has not been achieved
by different workers but is more closely approached
by the use of longer flash times obtainable with sec-
tors. (3) The use of longer flash times introduces new
phenomena dependent upon different reactions from
those which govern the response to very short flashes.
Comment will be made on all three possibilities.

Chopping of a high intensity beam from a con-
tinuous source may give rise to serious difficulties if
there is light leakage during the dark periods. In the
present case the question was raised whether the
higher flash yields observed with longer light flashes

LE IV
COMPARATIVE DATA FROM FLASHING LIGHT INVESTIGATIONS

MAX. RATE td td
WORKERS * TEMP. CONTINUOUS tf MINIMUM FOR MAX. FLASH REFERENCE

FOR MAX. YIELD YIELD
ILLUMINATION YIELD CITED

° C 1 02/hr *,ul sec x 10-3 sec

Emerson & Arnold (5) 24.9
Emerson & Arnold (6)

high chlorophyll
low chlorophyll

Clendenning &
Ehrmantraut (2)

Weller & Franck (16)
Rieke & Gaffron (14)
Tamiya (15)

Present data

24.9
24.9
24.9

21

37
6

10
20
20
25
25
25
25
25
25
25

0.01 <
0.01
0.01
0.01

0.01
18

x i0-3 sec X 1 0-3 l 02/Al per flash
x 105'

35 > 35 5.0 1

48 10.0 'I
83 16.0 'I
83 3.5 I

40 100
4.2 62 >62

(18) ** 4.2
31 8.0
31 3.0
31 1.0
28 67.0
28 17.0
28 4.2
28 1.0

58
150 300
120 200
70 200

266 266
150 150
40 163
20 41

Protocols I & 1I
Fable I
rable II
'able II

5.2 Fig 8
13.0 Fig 2
8.3 Table I

40.0 Protocol IlId
29.0 Protocol IVc
14.0 Protocol lVb
96.0 Exp 81
60.0 Exp 73
23.0 Exp 66, 67
9.6 Exp 70, 72

* The results of Kok (8) are omitted only because of lack of tabulated data.
** Value assumed equal to that observed by Weller & Franck.
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could be due to a lack of integrity of the very long
dark periods required. Check upon this point was
m.ade with the sector giving maximum flash yield for
tf = 0.017 second (experiment 73 and figure 4). From
the data of figure 4 it may be seen that the middle
one half of the 0.150 second dark period is entirely
dark; the remaining one half includes the tails from
the light flashes which summate to an average inten-
sity equivalent to 600 erg/cm2-sec operating over 0.45
of the tota.l time (tf + td). From the continuous
illumination data it may be estimated that the inten-
sity leakage in this particular regimen could not have
caused an error in k of more than 0.08. A more im-
portant result, however, is that light leakage during
the dark period is due only to the tails of the light
flashes. The higher yields at longer light flashes and
dark periods cannot be attributed to light leakage
during the dark periods.

The question of attainment of flash saturation in
the experiments of Emerson and Arnold (5, 6) has
been examined by several workers with opposing con-
clusions. Tamiya (15) obtained variable td, tf, and
flash intensity by sector chopping of a continuous
source. 1laximum flash yield was obtained only with
high flash energies which required long flash times and
very long dark periods of about 0.2 second at 250C.
Further, the maximum flash yield was temperature
dependent except at very low flash energies. Tamiya
did not apply any correction for the amount of photo-
synthesis occurring during his long light flashes; re-
calculation of his data and introduction of such a cor-
rection does not make any important change in his
results. Tamiya concluded that the short dark periods
and other results of Emerson and Arnold were conse-
quences of lack of attainment of flash saturation.

Weller and Franck (16) reinvestigated the ques-
tion of flash saturation by use of a sector synchronized
with the inherent intermittency of a mercury arc to
give flashes of 0.0042 second and various dark times.
Clendenning and Ehrmantraut (2) and Ehrmantraut
and Rabinowitch (4a) also have presented pertinent
data obtained with a neon tulbe flashed by a condenser
discharge to give flashes of about 10-5 seconds similar
to those of Emerson and Arnold. These studies con-
tain various types of evidence for attainment of flash
saturation in very short flashes. Their results were
interpreted as supporting the argument of Emerson
and Arnold that -the maximum yield produced by a
very short and saturating flash is determined only by
the quantity of an enzyme with a turnover time of
about 0.01 second at 25°C. However, no studv yet
made with very short flashes provides conclusive evi-
dence for both flash saturation and temperature-inde-
pendence of maximum yield which is necessary to
refute Tamiya's conclusion.

A third possible explanation of the differences be-
tween short-flash and long-flash intermittency results
has been suggested by Weller and Franck (16) and by
Ehrmantraut and Rabinowitch (4a). When the light
flash and dark period are lengthened, the limitation
controlling flash yield is transferred from the "Emer-
son and Arnold enzyme" to some other slower enzyme

system. The new system may be the one responsible
for the dark pick-up phenomenon observed by Mc-
Alister (10). This is not a completely satisfying expla-
nation. The experimental observation is that longer
light flashes not only require longer dark periods, but
also give higher flash yields even when the flash yield
is corrected by subtracting the maximum amount of
photosynthesis which could occur during the flash
itself. It is a straightforward argument that lengthen-
ing of the light flash may lead to longer dark periods
required by limitations of a second enzyme system.
It is not at all apparent how the transfer to the sec-
ond and apparently more restricting limitation can
increase the flash yield.

The present data on growth rate in intermittent
light have about the same precision as the manometric
data of other investigations with which they have
been compared. They may be compared with data on
photosynthesis since the critical values for maximum
flash yields and dark periods are obtained at less than
the maximum growth rate where photosynthesis must
be the growth-limiting process. They support the
results of comparable sector experiments of Tamiya
(15) and Kok (8) that long flash times require long
dark periods of tenths of a second to obtain maximum
flash yields. Comparison with the results of short
flash experiments such as those of Emerson and
Arnold (5, 6) requires either that light saturation is
not attained in the short flashes or that some new
limiting phenomenon is introduced by the use of
longer flashes. In passing, it may be noted that none
of the flashing light data support the very long dark
period of the order of minutes postulated on theo-
retical grounds by Burk, Cornfield, and Schwartz (1).

CHLOROPHYLL CONTENT: NIethanol extracts of the
cells harvested at the end of each growth experiment
showed no significant differences in the shape of the
absorption curve determined between 6000 and 7000 A.
The peak of the curve at 6700 A has been used as a
measure of chlorophyll concentration. Data express-
ing relative chlorophyll concentration per unit volume
of cells are plotted in figure 8. Chlorophyll content
is the same function of light intensity previously re-
ported by Myers (11). In intermittent light the data
show the same pattern with minor deviations when
plotted in terms of integrated light intensity. Un-
fortunately, the small quantity of cells available in
each experiment limits the precision of the chloro-
phyll assay, and conversion to absolute amounts is not
merited. Use of MacKinney's (9) absorption coeffi-
cient of 74.5 for chlorophyll in methanol at the red
peak gives chlorophyll contents within the range ob-
served by Emerson and Arnold (6).

The variability in chlorophyll concentration with
light intensity means tha.t the concentration contrib-
utes to the characteristics of the light intensity curve
for growth (fig 5). The slope of the light-limited
region of the curve depends upon two factors: the
fractional absorption of light per cell and the quantum
efficiency for growth. In analogous measurements of
the light intensity curve for photosynthesis the curve
is commonly determined in short-time experiments
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FIG. 8. Chlorophyll content of the cells as a function
of light intensity at which they were grown. Relative
chlorophyll content expressed in optical density per Ml
cells as determined at 6700 A for a 10 ml methanol ex-

tract in a 1.0 cm cuvette. The unit of intensity is the
kiloerg/cm'-sec.

with cells of constant chlorophyll content and, hence,
constant light absorption per cell. In long-time meas-

urements of growvth rates the chlorophyll content and
the light absorption per cell are independent func-
tions of light intensity. Hence any growth response
to light intensity or intermittency includes the effects
of intensity or intermittency upon chlorophyll concen-
tration.

PRACTICAL ASPECTS: The entirely practical ques-
tion, toward which the present work was directed, is
the possible contribution of turbulence of culture to
increase in growth rate in dense cultures. The light
intensity of 23 x 104 erg/cm2-sec used is about 0.6 of
the maximum intensity of full sunlight in the visible
region. It can be seen from the curves of figures 5
and 6 tha,t a dense culture growing under sunlight will
experience a significant increase in growth if cells are

moved in and out of the high intensity of the front
surface at such a rate as to give flash times between
0.001 and 0.1 second. It is also clear that the culture
should be thick enough or dense enough so that almost
all the light will be absorbed in the first 10 % and the
dark time will be about ten times as long as the light
flash. These considerations lead to the conclusion that
almost any attempt to grow algae in sunlight will
experience some gain by turbulence. The feasibility
of increasing the turbulence will depend upon the
extent of the gain in growth as compared to the in-
creased power requirement of stirring or pumping the
suspension.

SUMMARY
Growth rate of the alga, Chlorella pyrenoidosa,

has been measured at 25°C, as a function of intensitv
and intermittency of illumination. The saturation
curve obtained in continuous light shows a compensa-
tion point of less than 1000 erg/cm2-sec or 24 fc and
an approximate saturation point at 25 x 103 erg/Cm2-
sec or 600 fc.

Intermittent light was obtained by sector chopping
of a beam of 230 x 103 erg/cm2-sec to give light flashes

of 1, 4, 17, and 67 milliseconds and various dark
periods. With one millisecond flashes the alga almost
completely integrates intensity times time so that
growth response to integrated light intensity is the
same as that observed in continuous illumination.
With longer flashes the degree of integration decreases
but remains significant even at 67 milliseconds.

The intermittent light data have been treated also
in terms of flash yield and compared with those of
investigations on photosynthesis. Comparison of the
critical data of the several investigfations reveals a
range of variation which is not explainable in terms
of the classical arguments used to explain the inter-
mittency phenomena observed with very short flashes.

The results allow prediction that partial, but prob-
ably not complete, advantage of the intermittency
phenomenon may be taken to increase the efficiency
of light utilization of an algal culture by turbulence
of suspension.

Grateful acknowledgment is made to William A.
Arnold and Bessel Kok for many helpful suggestions,
and to the Carnegie Institution of Washington for aid
received by the junior author as a Visiting Investi-
gator in its Department of Plant Biology.
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RECORDING OXIDATION-REDUCTION POTENTIALS
IN PLANT PREPARATIONS12

JOHN D. SPIKES, RUFUS LUMRY, JOHN S. RIESKE AND RUDOLPH J. MARCUS
DIVISION OF BIOLOGY AND DEPARTMENT OF CHEMISTRY, UNIVERSITY OF UTAH,

SALT LAKE CITY, UTAH

The study of oxidation-reduction potentials often
represents a powerful tool in biological and chemical
investigations (1). This paper describes simple tech-
niques for measuring and recording oxidation-re-
duction potentials in photosynthetic systems. The
methods described could easily be adapted to meas-
urements on other biological and chemical systems.

Isolated chloroplasts of higher plants suspended
in solutions of suitable electron acceptors (oxidants)
such as ferricyanide carry on reactions of the follow-
ing type upon illumination:
(1) 4 ferricyanide + 2 H20 -

4 ferrocyanide + 4 H+ + 02
This reaction, usually called the Hill reaction (2) ap-
parently represents the energy-absorbing and water-
splitting part of photosynthesis. A number of useful
techniques have been developed for studying this re-
action including the measurement of oxygen evolution
(2, 3), the measurement of hydrogen-ion formation
(3), and the measurement of rate of decolorization of
oxidation-reduction indicators (4). The Hill reaction
has been studied in this laiboratory by determining
the rate of reduction of added electron acceptors po-
tentiometrically (5). Advantages of this method in-
clude (a) increased precision of measurement (±+ 1 %),
(b) system volumes of less than 0.25 ml, (c) use of
oxidant concentrations as low as 10-6 M, (d) auto-
matic recording of results, and (e) use of reaction cells
with simple optics.

MATERIALS AND METHODS
RECORDING OF OXIDATION-REDUCTION POTENTIALS:

The output of a platinum-calomel electrode system
was fed through an impedance matching device into
a Brown "Electronik" Single-Record Strip Chart Re-
corder with a self-contained amplifier. Two models
were used successfully: a Series 153X11 with a pen
speed of 12 seconds for full scale travel (11 inches)
and a range of 0 to 2.5 mv, and a Series 153X18 with

1 Received July 9, 1953.
2 This work was supported by grants from the United

States Atomic Energy Commission and the University
of Utah Research Fund.

a pen speed of 1 second and a range of 0 to 1 mv.
An impedance matching circuit was necessary since
the input impedance of the recorder was 1000 ohms
while the electrode system required a high impedance
circuit to avoid polarization effects. A typical two-
tube cathode follower with a bias circuit to match the
tubes was used as shown in figure 1. This seemed
ideal since it (a) is extremely stable, (b) shows low
sensitivity to changes in plate voltage, (c) shows very
low distortion, (d) has a high input impedance (esti-
mated at 50 megohms), and (e) has a low output
impedance to match the recorder. The tubes were
aged before use, and stability was further increased
by using low filament and plate voltages. Unsuc-
cessful attempts were made to use an alternating cur-

4t-4> > 45VSw0-SB
2

3 0

4 TA

FIG. 1. Battery operated, cathode-follower, input de-
vice to match the high impedance of a platinum-calomel
electrode system to the low input impedance of a Brown
recorder.

Vl, V2: 6K6GT radio tube.
Rl, R2, R3: 10,000 ohm wire-wound potentiometer

for balancing the circuit.
R4: decade resistance box to control sensitivity.
R5: 2 ohm wire-wound filament dropping resistor.
1, 2: to electrode system.
3, 4: to potentiometer for calibration and bucking

voltage.
5, 6: to input of Brown recorder.
SW-SPDT: switch to connect electrode system into

the input circuit.
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